ABSTRACT Aims/Introduction: To measure longitudinal changes in resting energy expenditure and body composition of Japanese pregnant women with or without diabetes. Materials and Methods: The study population consisted of women who had delivered a live singleton neonate after 22 weeks' gestation at Okayama University Hospital from July 2013 to June 2017. Resting energy expenditure and body composition were measured in the first trimester, second trimester, third trimester and postpartum. Results: A total of 144 women participated in this study: 103 with normal glucose tolerance and 41 with diabetes. The resting energy expenditure (kcal/day) of pregnant women with normal glucose tolerance was significantly higher in the third trimester (1,644 -234) than in the first (1,461 -215) and second trimesters (1,491 -219), and postpartum (1,419 -254), whereas that of pregnant women with diabetes did not significantly change during all periods (1,568 -404, 1,710 -332, 1,716 -251, 1,567 -249). The resting energy expenditure of women with good glycemic control was lower than that of women with poor control. Fat-free mass was closely correlated with resting energy expenditure. Conclusions: The resting energy expenditure of Japanese pregnant women with normal glucose tolerance was significantly increased in the third trimester. The resting energy expenditure of women with good glycemic control was lower than that of women with poor control. Resting energy expenditure and fat-free mass are potential indexes for medical nutrition therapy in pregnant women with diabetes.
INTRODUCTION
The number of patients with diabetes mellitus is rapidly increasing worldwide. The world's diabetic population is predicted to exceed 438 million in 2030 1 . New diagnostic criteria of gestational diabetes mellitus (GDM) were proposed by the International Association of Diabetes and Pregnancy Study Groups in March 2010 2 , and have been used in Japan since July 2010. Pregnancy complications related to diabetes have increased after using these new criteria. Medical nutrition therapy (MNT) is one of the most important interventions for pregnant women with diabetes. The Standards of Medical Care in Diabetes published by the American Diabetes Association recommend that individuals who have prediabetes or diabetes should receive individualized MNT, preferably provided by a registered dietitian familiar with the components of diabetic MNT 3 . In Japan, the Ministry of Health, Labor and Welfare proposes the addition of a step-by-step energy intake for Japanese pregnant women with normal glucose tolerance from the first trimester to the third trimester or postpartum. By contrast, the MNT of pregnant women with diabetes is controversial, because related evidence is insufficient.
Resting energy expenditure (REE) accounts for approximately 70% of total energy expenditure per day, and REE increases by approximately 20% in late pregnancy because of increased maternal body mass 4 . Few studies have been carried out on the REE of pregnant women with diabetes, and REE is determined primarily by fat-free mass (FFM) 5 . Therefore, REE and FFM can be helpful indexes to assess the MNT of pregnant women with diabetes.
In the present study, we aimed to measure longitudinal changes in the REE of Japanese pregnant women with or without diabetes and propose appropriate MNT. We also evaluated the changes in fat mass (FM) and FFM.
METHODS
The present study was carried out with the permission of the research ethics committee of Okayama University Medical Department. We obtained informed consent from all patients.
Population and data sources
The study population consisted of women who had their prenatal care and delivery of a live singleton neonate after 22 weeks' gestation at Okayama University Hospital, Okayama, Japan, from July 2013 to June 2017.
Exclusion criteria
Women who met any of following criteria were excluded from the study: refusing to participate, taking steroid medication, diagnosed with thyroid disease, long-term admission for threatened labor or other reasons and unable to undergo examination.
Oral glucose tolerance test
Participants underwent a 2-h 75-g oral glucose tolerance test (OGTT) when their random plasma glucose level was ≥100 mg/dL in the first trimester (G1; as early gestational age as possible) and second trimester (G2; between 24 and 32 weeks' gestation). Participants with a history of diabetes mellitus before pregnancy did not undergo a 2-h 75-g OGTT. The OGTT results were used to identify women with GDM or overt diabetes in pregnancy following the recommendation of the Japanese Society of Diabetes and Pregnancy based on the International Association of Diabetes and Pregnancy Study Groups guideline (GDM can be identified by at least one OGTT value: fasting glucose level ≥92 mg/dL, 1 h ≥ 180 mg/ dL or 2 h ≥ 153 mg/dL; overt diabetes in pregnancy: fasting glucose level ≥126 mg/dL or hemoglobin A1c ≥6.5%) 3 .
MNT
We advised all pregnant women with diabetes of the daily energy intake (prepregnancy body mass index [BMI] <25 kg/ m 2 : ideal bodyweight 9 30 + 200 kcal/day, prepregnancy BMI ≥25 kg/m 2 : ideal bodyweight 9 30 kcal/day). They were instructed to carry out self-monitoring blood glucose. Patients with prebreakfast fasting blood glucose level of >95 mg/dL, preprandial glucose level of >100 mg/dL and/or postprandial glucose level of >120 mg/dL received insulin treatment.
Obstetric and neonatal outcomes
Medical records were used to obtain data regarding maternal age, height, prepregnancy weight, total weight gain during pregnancy, weeks of delivery, mode of delivery, newborn birthweight, perinatal complication, neonatal complication value of cord C-peptide and treatment of diabetes. The prenatal and neonatal complications included the outcomes that have been established in the hyperglycemia and adverse pregnancy outcome study 6 ; that is, primary outcome (birthweight >90th percentile, primary cesarean section, clinical neonatal hypoglycemia, cord serum C-peptide >90th percentile) and/or secondary outcome (pre-eclampsia, preterm delivery [<37 weeks], sum of skinfolds >90th percentile, percent body fat >90th percentile).
REE and body composition were measured in G1 (up to 15 gestational weeks), G2 (16-27 weeks), G3 (28 weeks to delivery) and postpartum (P; 4-5 weeks after delivery).
REE
We used a handheld indirect calorimeter (MedGem; Microlife, Inc., Golden, CO, USA) to assess REE. All participants were examined for 4 h after oral intake of food and a 15-min resting time in a semi-recumbent position. They were then instructed to place disposable plastic nose clips on their nose and breathe through the mouthpieces. Oxygen concentration in inspired and expired airflow was measured using an ultrasonic sensor. The MedGem device was programmed to begin collecting data when the first breath was detected, and continued until either a steady state or 10 min was reached. The accuracy and reliability of this device have been evaluated in several studies [7] [8] [9] . To calculate REE from measured oxygen consumption, the MedGem device uses the Weir equation (De Weir, Data are shown as mean -standard deviation. † Significant difference from the first trimester (G1). ‡ Significant difference from the second trimester (G2). § Significant difference from postpartum (P). FFM, fat-free mass; FM, fat mass; G3, third trimester; REE, resting energy expenditure. 1949), which is the universal standard for the conversion of gas exchange measurements into REE:
The MedGem device does not measure CO 2 production. Instead, it uses the abbreviated version of the Weir equation (De Weir, 1949) , which calculates REE using only oxygen consumption:
A constant of 0.85 is used for the respiratory quotient. REE was calculated using the following equation:
Bioelectric impedance analysis
We used a foot-to-foot bioelectric impedance analysis system (TANITA MC-180; TANITA, Tokyo, Japan) to measure impedance. The participants stood erect with bare feet on the analyzer's footpads. When they held the grips, measurements were carried out. The electric current was supplied from the electrodes on the tips of the toes and fingers, and the machine measured the voltage on the heels of both feet and near the sides of both hands. Analyses of weight, muscle volume, FM, FFM, total body water and body fat percentages were then carried out. We used the maternity mode to correct the weight of the fetus according to the gestational age. Several studies have been carried out to determine the accuracy and reliability of the bioelectric impedance analysis device [10] [11] [12] .
Statistical analysis
Differences in maternal age, height, prepregnancy weight, prepregnancy BMI, total weight gain during pregnancy and newborn birthweight between women with normal glucose tolerance and those with diabetes were evaluated using the t-test. Differences among REE mean continuous variables were evaluated using the t-test or ANOVA with a standard Tukey honestly significant difference adjustment for multiple comparisons. Differences among the data of bioelectric impedance analysis mean continuous variables were evaluated using the Mann-Whitney U-test or Kruskal-Wallis test with a standard Scheff e honestly significant difference adjustment for multiple comparisons.
RESULTS
A total of 208 women agreed to participate in the present study. Of these, 64 women were excluded according to the exclusion criteria. Consequently, 144 women were included: 103 pregnant women with normal glucose tolerance and 41 with diabetes (GDM: 27, overt diabetes in pregnancy: 3, type 1 diabetes: 6, type 2 diabetes: 5). The characteristics of the participants are shown in Table 1 . Prepregnancy bodyweight and BMI of pregnant women with diabetes were higher than those of pregnant women with normal glucose tolerance. Newborn birthweight and perinatal prognosis were not significantly different between the two groups. Measured values of REE, FM and FFM are shown in Table 2 . The REE of pregnant women with normal glucose tolerance was significantly higher in G3 than in G1, G2, and P. The REE of pregnant women with diabetes showed similar, but not significant, trends (Figure 1) . The REE of overweight pregnant women with normal glucose tolerance was significantly higher during all periods than that of normal weight or underweight women. However, the REE of overweight pregnant women with diabetes was not significantly different from that of normal weight or underweight women after G3 (Figure 2 hemoglobin A1c <6.2% and glycated albumin <15.8%. (b) Poor glycemic control: hemoglobin A1c ≥6.2% or glycated albumin ≥15.8%. *P < 0.05, **P < 0.01. G1, first trimester; G2, second trimester; G3, third trimester; P, postpartum. glycated albumin ≥15.8%) showed higher REE during all periods than those with normal glucose tolerance. Conversely, the REE of women with good glycemic control (hemoglobin A1c <6.2% and glycated albumin <15.8%) was not significantly different from that of pregnant women with normal glucose tolerance ( Figure 3) . The REE of women with good glycemic control was lower than that of women with poor glycemic control ( Figure 4 ). All groups showed no significant changes in FM. The FFM of pregnant women with normal glucose tolerance was significantly higher in G3 than in G1, G2 and P ( Figure 5) .
FFM was closely correlated with REE in pregnant women with and without diabetes ( Figure 6 ). The relationship between glycemic control and REE is shown in Figure 7 . A statistically significant correlation was found in hemoglobin A1c and REE. Good glycemic control (n = 33)
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Figure 4 | Resting energy expenditure (REE) in women with diabetes and its relationship to glycemic control. *P < 0.05, *P < 0.01. G1, first trimester; G2, second trimester; G3, third trimester; P, postpartum. The relationship between FFM in G3 and newborn birthweight is shown in Figure 8 .
DISCUSSION
In the present study, we made three important clinical observations. First, the REE of pregnant women with normal glucose tolerance was significantly increased in G3, but the increase of REE in G3 might be suppressed in pregnant women with treated diabetes. Second, the REE of women with good glycemic control was lower than that of women with poor control. Third, FM did not change during all periods, and FFM showed similar changes as REE. The REE of pregnant women with normal glucose tolerance were significantly increased in G3, but the increase of REE in G3 might be suppressed in pregnant women with treated diabetes. Several studies have documented the REE of pregnant women with normal glucose tolerance. Previous studies reported that energy demand increases at conception, does not change in G1 or G2 of pregnancy and increases gradually from G3 to term 13, 14 . The present data supported this result. A significant rise in REE during G3 occurred both in the preprandial and postprandial states 15 . Extra energy intake is required to support the increases in REE and adequate gestational weight gain 16 . Less demanding activities result in compensation for the increased energy costs of pregnancy 17 . In contrast, how the REE changes in pregnant women with diabetes is unknown. In the present study, the REE of pregnant women with treated diabetes was not significantly increased in G3. However, the REE of normal weight or underweight (prepregnancy BMI <25 kg/m 2 ) pregnant women with diabetes increased in G3, similar to that in pregnant women with normal glucose tolerance. It is adequately advised when receiving MNT not to change additional energy intake during pregnancy and postpartum for pregnant women with diabetes. Furthermore, adding more energy intake, particularly in G3, in normal weight or underweight pregnant women with diabetes might also be acceptable.
The REE of women with good glycemic control was lower than that of women with poor control. No reports are available about the relationship between REE and glycemic control in pregnant women with diabetes. A previous study reported that REE is significantly higher in obese non-pregnant patients with diabetes than in non-pregnant patients without diabetes, particularly in those with poor glycemic control 18 . The present study showed agreeable results in pregnant women; that is, REE was significantly higher in pregnant women with poor glycemic control than in women with good control. Our regression analysis of glycemic control and REE confirmed that poor glycemia leads to high REE. The proposed mechanisms are increased gluconeogenesis, abnormal protein metabolism, increased sympathetic activity and hyperglucagonemia [19] [20] [21] . In a recent study, Diderholm et al. 22 showed that the rates of glucose production and lipolysis are highly correlated with REE in 21 pregnant women without GDM at 35 gestational weeks. Good glycemic control by adequate treatment of diabetes is supposed to decrease the REE, particularly in G3, when the rates of glucose production and lipolysis are increasing. As a result, the REE of pregnant women with diabetes was not increased in G3. In the present study, the REE of pregnant women with good glycemic control had not significantly changed compared with that of pregnant women with normal glucose tolerance. The MNT of pregnant women with good glycemic control can be based on the same energy amount as that with normal glucose tolerance. Further assessment considering their actual dietary energy intake is important to evaluate the MNT of pregnant women with diabetes.
FM had not changed during all periods, and FFM showed similar changes as REE. This result supported that FFM is the largest contributor to REE 23, 24 . We have shown that FFM was not significantly different between preconception and a few weeks after delivery, whereas Berggren et al. 25 reported the same trend at 1 year postpartum. Our regression analysis proved that FFM was closely correlated with REE in pregnant women with and without diabetes. The FFM of pregnant women with diabetes was lower in P than in G1, which can be attributed to adequate treatment for diabetes. The present study also showed that maternal weight gain was the result of FFM gain, because FM had not changed during all periods in both pregnant women with and without diabetes. Maternal weight gain was not attributed to FM gain in any Japanese pregnant women. This fact could be supported by MNT. Several studies claimed that FFM, not FM, correlated with birthweight [26] [27] [28] . The present study showed that REE and newborn birthweight were correlated in pregnant women with normal glucose tolerance, but whether the same trend can be observed in pregnant women with diabetes is unknown. There are variations in the data of pregnant women with diabetes. Diderholm et al. 22 showed that lipolysis and glucose production are related to fetal weight. The variations of data might be effected by glycemic control. Both GDM and obesity are independently associated with adverse pregnancy outcomes 29 . Prepregnancy overweight and obesity account for a high proportion of large-for-gestational age infants, even in the absence of GDM 30 . Therefore, interventions focused on body composition are important. Further analysis is required to investigate the effect of body composition, as well as BMI, on perinatal outcomes.
The present study had two limitations. First, our data were obtained from a single medical facility in Japan, and only a small number of participants with diabetes were included. The REE can significantly increase in pregnant women with diabetes if a larger number of participants are included in the analysis. We had not carried out more detailed regression analysis because of our small sample. A larger sample should be included in future research to show a more reliable result. Second, we could not accurately assess the total energy expenditure of the participants, because the data of their actual dietary energy intake were unavailable.
To our knowledge, the present study is the first to evaluate energy REE and body composition of pregnant women with diabetes. The results could be helpful for MNT in the future, and provide critical evidence to determine adequate energy intake.
In conclusion, the REE of pregnant women with normal glucose tolerance was significantly higher in G3 than in G1, G2 and P. A possibility exists that the increase of REE in women with treated diabetes was suppressed as a result of glycemic control. REE and FFM are potential indexes for MNT in pregnant women with diabetes, because FFM was closely correlated with REE.
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